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Design  of  Interfaces  in  Metal  Matrix  Composites 

Introduction 

The  mam  goal  of  this  research  is  to  optimize  the  interface  properties  m  metal  matrix 
composites  by  lattice  matching  the  matrix  and  the  dispersoids.  An  optimized  interlace  should 
have  excellent  thermal  stability,  high  strength,  and  an  absence  of  brittleness,  tiood  thermal 
stability  is  achieved  by  choosing  phases  that  are  in  equilibrium  with  each  other,  interfaces  with 
low  surface  energy  and  limited  solubility  to  limit  diffusion.  High  strength  requires  strong 
bonding  across  the  interface.  Absence  of  brittleness  requires  a  larger  extent  of  metallic  bonding. 
Stable,  coherent  dispersoids  can  be  achieved  by  mechanically  alloying  lattice- matched 
dispersoids  into  metal  matrices  and  allowing  some  recrvstallizaiion  or  coarsening  to  occur,  or  by 
internal  nitridization  or  carburization  of  homogeneous  alloys.  A  model  system  that  has  a  high 
probability  of  forming  coherent  interfaces  is  ZrN  in  .\'b.  For  comparison  purposes  the  relatively 
poorly  matched  systems  TiN  in  Nb  and  TiN  in  Cu  were  also  being  studied.  Other  research  areas 
that  were  investigated  include  processing  approaches  to  create  particulate  composites  These 
include  high-energy  high-rate  processing  and  Selective  Laser  Reactive  Sintering.  The  other 
approach  is  one  in  the  new  general  area  of  Solid  Freeform  Fabrication  approaches.  A  limited 
effort  was  done  on  evaluating  the  influence  of  residual  stresses  on  the  impact  properties  of 
graphite/aluminum  matrix  composites. 


A  brief  discussion  of  the  synthesis,  processing,  and  characterization  of  the  abov  e 
mentioned  systems  is  presented  in  the  following  paragraphs,  with  details  in  the  attached 
appendices  which  are  from  submitted  and  published  articles. 
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1. 


Nitridation  of  niobium  allovs:  interface  effects 


In  this  study  metal  matrix  composites  were  fabricated  by  nitridation  of  .-.oltue-ncb  Nb-Ti 
and  Nb-Zr  alloys  to  form  large  volumes  of  nitrides.  Studies  of  the  kinetics  of  nitride  formation 
and  of  the  nature  of  the  matrix-nitride  interface  were  carried  out.  Nb-47.r/  Ti  and  Nb-47wt(TZr 
alloys  were  nitrided  for  different  times  and  temperatures  to  nitride  preferentially  the  solute 
phases  into  Ti-  and  Zr-  rich  nitrides.  X-ray  diffraction  analysis  confirmed  the  formation  of  the 
nitrides  in  the  Nb  solid  solution  matrix,  and  microhardness  measurements  explicitly  indicated  th 
hardening  effect  to  be  due  to  the  formation  of  the  nitrides.  Orientation  relationships  were 
obtained  between  the  matrix  and  the  nitrides,  but  the  habit  planes  were  not  defined.  See 
appendix  A  for  details. 

2.  Attrition  and  Vibratory  Milling  of  Cu-TiN 

Two  separate  experiments  involving  attrition  and  vibratory  milling  of  Cuowt.'TTiN  and 
Cu-25wt.%TiN  respecti  vely,  were  conducted.  The  results  showed  that  a  layered  morphology 
occurred  in  the  attrition  milled  specimen,  but  not  in  the  vibratory  milled  sample.  Massive 
agglomeration  was  observed  in  the  attrition  milled  powder  resulting  in  particles  sizes  larger  that 
the  starting  powder  sizes.  In  the  vibratory  milled  case,  excellent  powder  panicle  refinement 
occurred  and  nanosize  copper  and  titanium  nitride  particles  were  observed  under  the  Tfl.M.  In 
addition,  consolidation  of  the  vibratory  milled  pow-der  did  not  cause  much  grain  growth  of  the 
copper  particles.  The  final  result  has  been  mostly  attributed  to  the  high  volume  fraction  of  TiN 
particles  which  may  have  inhibited  large  scale  grain  growth.  See  Appendix  B  for  details 


3. 


Internal  Nitridation  of  Cu-Ti  allows. 


Titanium  nitride  and  Zirconium  nitride  possess  relatively  high  electrical  conducm  itv. 
high  hardness  and  high  melting  point.  Copper  alloys  dispersion  hardened  b\  T;N  and/'or  ZrN 
may  thus  be  a  new  promising  class  of  alloys  to  be  used  in  electronic  packaging  applications. 
Based  on  the  insolubility  and  slow  diffusion  of  N  in  Cu  two  routes  for  the  formation  of  TiN  in 
Cu  alloys  were  studied. 

(i)  Surface  nitridation  of  bulk  Cu-Ti  alloys  which  give  a  conductive  mechanically  hard 

surface. 


(ii)  Surface  nitridation  of  fine  Cu-Ti  powders,  followed  by  mechanical  alloying  to 
effectively  break-up  the  TiN  surface  layers  on  the  powder  particles,  and  their  solid  state 
consolidation.  This  approach  has  resulted  in  a  Cu-alloy  strengthened  by  finely  dispersed  TiN 
particles  and  one  that  seems  to  hold  its  strength  to  high  temperature.  See  Appendix  C  for  details. 

4.  Processing  of  Metal  Matrix  Composites 

The  use  of  powder  constituents  in  the  processing  and  fabrication  of  metal  matrix 
composites  provides  diverse  and  flexible  routes  for  assembly  of  materials  at  the  microscopic 
level.  In  the  research  that  we  describe  here,  the  metal  matrices  were  copper  and  tungsten.,  The 
dispersed  phases  were  graphitic  carbon  and  boron  carbide.  Most  of  the  processing  was 
performed  with  the  constituents  in  the  solid  state  .  In  the  high  energy  high  rate  processing, 
energetic  high-current  pulses  are  directly  applied  to  a  powder  mass  to  provide  pulsed  Joule 
heating.  Heating  rates  of  1000  K/s  to  10,000  K/s  are  achieved.  When  heat  and  pressure  are 
simultaneously  applied,  rapid  densification  can  occur.  A  homopolar  pulse  generator  with  1  MA 
current  capability  has  been  used  as  a  high-current  source.  The  investigation  of  binderless 


copper-graphite  powder  composites  yielded  materials  with  high  densities,  hanine^es  and 
electrical  conductivities.  These  materials  have  shown  superior  performance  in  terms  of  their  inch 
temperature  capability  and  wear  resistance  in  high-current,  high-speed,  electrotrihoiou’cal 
evaluation.  The  tungsten-based  composite  system  otters  a  metallurgical  cornucopia  ot  phases 
including  W,  WSC,  FeWB,  WsB,  FesC,  Fe^WfiC.  NUBj,  and  Fe-WV,.  These  are  obtained  bv 
reactions  in  the  multicomponent  system:  W,  Ni,  Fe  B.  C.  Some  of  these  phases  have  large  heats 
of  formation  and  the  consolidation  proceeds  by  exothermic  heating  under  pressure.  The 
processing  science  based  on  these  approaches  has  a  common  focus  the  understanding  of  the 
influence  cf  basic  processing  parameters  -  time,  temperature,  and  pressure  -  on  the 
microstructure  and  properties  of  these  composites.  Details  are  provided  in  Appendix  D 


5.  Development  of  a  Selective  Laser  Reaction  Sintering  Workstation 

A  Selective  Laser  Reaction  Sintering  workstation  has  been  developed  at  The  University 
of  Texas.  The  workstation  allows  the  study  of  solid  freeform  fabrication  of  reaction  sintered 
materials  on  a  research  scale.  This  technique  has  been  applied  to  a  variety  of  materials  systems 
including  a  multilayer  Cu-TiN  rectangular  solid.  See  Appendix  F  for  details. 


6.  Residual  stress  effect  on  impact  properties  of  Gr/AI  metal  matrix  composite 

The  effects  of  residual  stress  on  the  impact  properties  of  the  unidirectionally  reinforced  P 
100  Gr/6061  A1  metal  matrix  composites  with  different  thermal  histories  have  been  investigated 
using  an  instrumented  impact  test  method  and  scanning  electron  microscopy.  The  cantilever 
impact  generally  causes  tensile  failure  at  the  notch  and  compressive  loading  on  the  opposite  side 
of  the  specimen.  The  specimens  with  yield  tensile  matrix  residual  stresses  have  planar  fracture 


surfaces  and  low  impact  energy  due  to  the  contribution  of  tensile  residual  stress.  The  specimens 
with  small  j  sidual  stresses  have  moderate  impact  energy  because  debonding  between  fiber  .wid 
matrix  or  fiber/matrix  separation  also  serves  as  an  additional  mechanism  for  energy  alworption. 
The  specimens  with  higher  compressive  matrix  residual  stresses  have  the  largest  maximum  io  id 
of  all  the  specimens  with  the  same  matrix  treatment.  The  specimen  with  matrix  compressive 
yield  residual  stress  has  the  maximum  impact  energy  owing  to  a  stepw  ise  fracture  surface.  It  can 
be  concluded  that  good  impact  properties  of  composite  materials  can  be  obtained  by  choosing  a 
suitable  thermal  history  to  modify  the  deleterious  tensile  matrix  residual  stress.  For  d \  of 
this  research  see  Appendix  F. 
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Appendix  A 


Nitridation  of  niobium  alloys:  interface  effects 

Michael  Schmeriiag.  S.  Ponnekariti.  S.  T.  Mear.  A.  Yeoh,  Feng  Chi.  M.  E.  Fine.  Z.  Eliezer  and 
H.  L.  Marcus 

Center  for  Materials  Science,  The  L'mversin. ■  of  Texas  at  Austin.  Austin.  TX  78712  tL'SAi 


Abstract 


cap?  AVAIL" 


Ln  this  study  metal  matrix  composites  were  fabricated  by  nitridation  of  solute-nch  Nb-Ti  and  N"b-Zr  alloys  to  form  large 
volumes  of  nimdes.  Studies  of  the  kinetics  of  nitnde  formatjon  and  of  Lhe  nature  of  the  matrix -nitride  interface  Acre 
carried  out.  Nb— 47wt.°0Ti  and  ,Vb— 1  ~ wt,°oZr  alloys  were  rumded  for  different  times  and  lemperarures  to  nitnde 
preferentially  the  solute  phases  into  Ti-  and  Zr-nch  nttndes.  X-ray  diffraction  analysis  confirmed  the  formation  of  the 
nimdes  in  the  Nb  solid  solunon  mamx.  and  microhardness  measurements  explicitly  indicated  the  hardening  effect  to  oe 
due  to  the  formanon  of  the  nitndes,  Onentation  relationships  were  obtained  between  the  matnx  and  the  nimdes.  but  the 
habit  planes  were  not  defined 


i 
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1.  Introduction 

Dispersion  hardening  is  a  common  approach  to 
strengthening  metal  alloys.  Nitrides  are  often  the  dis- 
persoid  used.  In  many  systems  they  show  a  lattice 
correspondence  and  low  energy  interface  (habit  )  plane 
which  causes  a  coherent  panicle  strengthening 
mechanism  to  occur  [1],  This  investigation  examines 
the  results  when  higher  concentrations  of  nitride 
formers  are  used.  The  intention  was  to  form  a  metal 
matnx  composite  (MMC)  with  a  ceramic  high  strength 
phase.  An  MMC  benefits  greatly  from  having  a  con¬ 
trolled  strength  interface  between  the  components.  It 
would  be  best  to  have  low  energy  interfaces  to  achieve 
this  strength  and  to  establish  metallurgical  stability. 
Internal  nitridation  creates  these  interfaces  in  situ 
where  they  will  tend  to  approach  the  lowest  local 
energy  state.  The  research  presented  here  probed  for 
the  existence  of  these  preferred  low  energy  interfaces 
in  se\  eral  niobium  alloys. 

Niobium  is  an  attractive  major  element  for  a  class  of 
high  temperature  alloys  because  of  its  relatively  higher 
melting  temperature  2467  °C  and  comparable  density 
8.6  e  cm '  \  to  Ni  (1453  °C  and  8.9  g  cm "  \.  While  the 
Ni  base  superalloys  may  be  made  by  conventional 
metallurgical  processing,  i.e.  melting  and  heat  treat¬ 
ment  with  or  without  mechanical  deformation,  no  good 
precipitation  hardening  Nb-based  system  has  been 
found.  Nitndes  of  Zr  and  Ti  have  been  formed  in  Mo 
by  internal  rutndation  j2j  and  HfN  has  been  similarly 
formed  in  W.  W-Re  and  W-Re-Nb  alloys  [3j.  Orienta¬ 
tion  relationships  between  crystal  lattices  and  well 
defined  habit  planes  were  seen  for  the  nitride  precipi¬ 
tates  in  low-  concentration  Ti  and  Zr  in  Mo  alloys  |lj. 


The  same  onentation  relationships  were  seen  in  the 
present  work  using  Nb  (with  presumably  the  same 
initial  habit  planes)  owing  to  the  similar  aiomic  mis¬ 
matches  along  [100 Jb,  j|[l  10]^,.  directions  and  was  pan 
of  the  motivation  for  choosing  these  systems.  It  thus 
seemed  possible  to  develop  a  class  of  Nb  alloys  with 
good  mechanical  properties  by  internal  chemical 
reaction  using  easily  diffused  compound  formers  such 
as  C  and  N. 

For  the  internal  chemical  reaction  to  be  successful  a 
nitride  or  carbide  of  the  solute  in  an  Nb  solid  solunon 
must  have  a  substantially  lower  free  energy  of  forma¬ 
tion  than  that  of  Nb  at  the  reaction  and  applicanon 
temperatures.  1ji  addition,  the  diffusion  rate  of  C  or  N 
in  Nb  must  be  more  rapid  than  diffusion  of  the  solute 
to  the  surface  of  Nb.  If  the  latter  is  not  true,  a  scale 
rather  than  an  internal  carbide  or  nitnde  will  form. 

For  this  study  the  formation  of  TiN  and  ZrN  ui  a 
soluie-nch  Nb-Ti  or  Nb-Zr  matnx  by  internal  nitnda- 
tion  was  considered.  TiN  and  ZrN  have  substantially 
lower  standard  free  energies  of  formanon  than  NbN. 
At  I200°C  the  standard  free  energy  of  formation  is 
-48  kcal  mol''  for  NbN.  -94  kcaJ  mol"’  for  TiN. 
and  -  108  kcal  mo!  ~ :  for  ZrN  4  . 


2.  Experimental  procedure 

In  the  work  presented  here  alloys  ot  wrought 
Nb-47wt.°-oTi  63.2  at.°o  Ti  and  arc-melted  Nb- 
4  7wt.%Zr  . 47.5  at.°o  Zr!  were  used  for  nitndation 
experiments.  The  Nb-47wt.°i,Ti  is  b.c.c.  at  all  tempera¬ 
tures  (5 j  and  the  Nb-47wr,°.i>Zr  is  b.c.c.  above  approxi¬ 
mately  950  °C.  All  the  nitridation  experiments  were 
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performed  in  the  single  phase  field.  Below  950-6 10°C 
there  is  a  miscibility  gap  and  a  eutectoid  reaction  at 
610  °C  for  Nb-Zr  '6:.  Samples  were  cut  from  the  alloy 
materials  and  their  surfaces  ground  to  remove  the 
oxide  scale  present,  and  then  cleaned  ultrasonicaJiv  in 
acetone  prior  to  nitndation. 

Homogeneity  of  the  alloys  was  established  using 
energy-dispersive  spectrometry  EDS  and  X-ray  dif¬ 
fraction  iXRD  techniques.  EDS  was  used  by  taking  a 
composition  profile  over  a  3  x  3  square  point  grid. 
XRD  was  performed  on  a  polished  surface  of  the  alloy 
samples. 

Initially,  samples  were  nitrided  by  placing  them  in  a 
DTA  furnace  at  combinations  of  several  times  2,  4.  8. 
24  h)  and  temperatures  1080-1300  °C,>  in  a  pure 
nitrogen  gas  environment.  To  flush  the  system  of  detri¬ 
mental  oxygen  or  other  possible  contaminants, 
nitrogen  gas  was  passed  over  the  sample  throughout 
the  cycle.  How-ever.  the  residual  oxygen  and  the  strong 
oxide-forming  nature  of  the  Nb  alloys  resulted  in  oxide 
formation  on  the  sample  surface. 

In  order  to  control  the  oxidation  during  nitndation. 
an  alumina  tube  furnace  was  constructed.  Residual 
oxygen  in  the  system  was  gettered  through  the  use  of 
titanium  powder.  The  experimental  set-up  for  the 
furnace  is  shown  in  Fig.  1.  The  samples,  immersed  in 
Ti  powder,  were  put  in  an  alumina  boat.  The  system 
was  evacuated  and  then  flushed  with  ultrahigh  pumv 
(99.999%)  nitrogen  for  2  h  pnor  to  the  start  of  each 
experiment. 

Samples  were  characterized  using  optical  micros¬ 
copy,  Vickers  microhardness.  Auger  electron  spectros¬ 
copy  (AES;,  scanning  electron  microscopy  (SEMI. 
XRD.  EDS,  and  transmission  electron  microscopy 
(TEM). 

In  the  Nb-Zr  system  X-ray  samples  (lcmxlcmx 
0.3  cm),  metallographic  samples  (0.2  x  0.2  x  0.7  cm3), 
and  TEM  samples  (1  cm  x  1  cm  x  15  mil  thick)  were 
simultaneously  nitnded  in  the  tube  furnace  at  1200°C 
for  24  h.  The  sample  to  Ti  getter  volume  ratio  used  for 
this  alloy  system  was  0.7. 


Ena  Pawns 

Fig.  I .  Experimental  set-up  of  the  nimdauon  furnace. 


Xtmdauon  of  Xb  allo\s 

The  nitnded  Nb-Zr  X-ra\  diffraction  panerns  were 
taken  with  an  Si  standard.  This  was  repeated  after 
grinding  off  an  approximately  50  mm  layer  each  time 
to  determine  the  extent  and  the  nitnde  phase  formed 
The  metallographic  samples  of  Nb-Zr-N  were  cut  and 
mounted  to  observe  the  true  cross-section  under  the 
microscope.  An  etchant  of  the  composition  50  ml 
H-O.  25  ml  HNO:  and  5  mml  HF..  was  used  io  eich 
preferentially  the  Nb.  A  rrucrohardness  test  was  per¬ 
formed  on  the  cross-section  unetched  using  Vickers 
hardness  mdentanon  with  a  200  g  load.  The  TEM 
sample  was  ground  to  2  mil  before  being  argon  ion 
beam  milled  0.75  mA.  5  kV;  from  both  sides  until  a 
small  hole  appeared  approximately  14  h 

In  the  Nb-Ti-N  system  samples  for  optical  micros¬ 
copy.  microhardness.  AES  and  SEM  analysis,  were 
prepared  by  cross-sectioning  to  a  final  polish  with 
0.5  ,«m  alumina  slurry.  The  SEM  samples  were  sput¬ 
ter-coated  with  a  layer  of  Au-Pd.  SEM  analysis  was 
performed  on  both  unetched  samples  and  samples  in 
w  hich  the  Nb-Ti  matrix  surrounding  the  TIN  features 
had  been  preferentially  etched  aw'ay  using  an  etchant  of 
one  pan  hydrofluonc  acid  and  three  pans  mine  acid. 
After  nitnding,  TEM  samples  were  prepared  as 
desenbed  previously.  For  both  alloys  AES  was  used  to 
determine  the  approximate  chemistry  of  the  nitnde. 


3.  Results 

EDS  and  SEM  confirmed  the  homogeneity  of  the 
samples.  The  X-ray  diffracuon  patterns  taken  off  the 
polished  surfaces  showed  only  the  presence  of  a  solid 
solution  of  Zr  and  Nb  ui  the  Nb-Zr  system  for  samples 
quenched  from  the  single  phase  field  and  a  solid  solu¬ 
tion  of  Nb  and  Ti  in  the  Nb-Ti  system,  with  no  indica¬ 
tion  that  the  alloys  contained  any  other  phases. 

In  the  Nb-Zr-N  system  the  XRD  pattern  on  the 
surface  of  the  nitnded  sample  showed  the  presence  of 
ZrN.  Ti  I  from  the  getter),  and  an  oxy nitnde  of  the  Nb 
solid  solution.  After  grinding  off  a  layer  of  100  the 
pattern  showed  the  presence  of  an  Nb  solid  solution 
and  ZrN.  Funher  gnnding  io  200  wm.  the  pattern 
showed  the  base  Nb-Zr  solid  solution,  indicating  that 
ihe  nitnded  layer  was  aboui  200  «m  thick.  Figure  2 
shows  the  XRD  patterns  taken  after  penodic  grinding 

Microhardness  tests,  performed  anguiarh  on  the 
cross-section,  showed  a  twofold  increase  in  the  Vickers 
hardness  number  from  the  inner  material  to  the 
nitnded  crust.  A  schematic  drawing  of  the  true  cross- 
section  of  the  sample  along  with  the  microhardness 
data  is  shown  in  Fig.  3. 

TEM  analysis  of  the  sample  showed  the  presence  of 
ZrN  in  an  Nb-Zr  solid  solution  matnx.  Figure  4  illus¬ 
trates  the  morphology.  Diffraction  patterns  at  the  mier- 
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Fig  2.  &  X-rav  diffraction  pattern  taken  off  the  surface  of  an 
Vfb-4"wt  °oZr  sample  mtnded  for  2J  h  at  !200°C.  b  X-ray 
diffraction  pattern  taken  off  the  surface  of  an  Nrb-47wt.t>uZr 
sample  mtnded  for  24  h  at  1200°C.  after  gnndtng  off  100  urn, 
c  X-ray  diffraction  partem  taken  off  the  surface  of  an 
N'b-47wt.%Zr  sample  mtnded  for  24  h  at  1200'C.  after  grind¬ 
ing  off  200  *<m 


Fig  Schematic  drawing  of  the  cross-section  and  correspond¬ 
ing  microhardness  data  in  kc  mm"-,  taken  anguiariv  on  the 
cross-section  of  the  sample,  load  200  g  of  an  Xb-4'w.t  °0Zr 
sample  mtnded  for  24  h  at  1 200 *C.  1.  685.  2.  512.6.  3.  55“  9. 
4.  520.9.  5.  481.6:6.496.7.  ".  496.?.  8.  40"  ]  v,  446  6.  10.  44ii. 
1 1.  366.6.  1  2.  326. 


faces  showed  that  there  is  an  orientation  relationship 
between  the  Nb-rich  solid  solution  and  ZrN  volumes  m 
most  areas  of  the  thin  foil  TEM  sample.  Figure  5  shows 
an  interface  and  the  corresponding  diffraction  pattern. 
The  diffraction  patterns  showed  the  orientation 
relationship  to  be  [00 1]^.^  L'001  i2;S.  This  is  equiva¬ 
lent  to  the  i001]Nb_zJi011j2fN  for  •6oi:bcci;i001;,«.  A 
simple  lattice  matching  model  shows  this  to  be  a  low 
energy'  match  due  to  the  smalh  approximately  2%. 
mismatch.  The  boundaries  between  the  solid  solution 
and  ZrN  did  not  appear  to  be  the  simple 
;001  ||  {001  plane  expected  for  small  precipitates, 
indicating  that  the  planar  low  energy  interface  was 
probably  only  present  at  an  early  point  in  the  ZrN 
growth.  This  early  growth  dictated  the  orientation 
relationship  but  as  growth  continued  other  factors 
influenced  the  exact  phase  boundary  morphology. 

A  sample  of  Nb-Ti  which  was  nitrided  in  the  DTA 
for  24  h  at  1200°C  was  cross-sectioned  and  then 
mechanically  polished.  AES  was  performed  on  this 
<ample.  From  a  comparison  of  the  Auger  spectrum  of 
the  sample  with  the  spectrum  from  pure  ,99.9%)  TiN 
powder,  TiN  was  determined  to  be  present  in  the 
sample.  However,  the  spectrum  showed  that  a  large 
amount  of  oxygen  contaminant  was  also  present  in  the 
surface  layer.  XRD  determined  that  the  surface  oxide 
present  in  the  sample  was  Nb;TiO- . 

Figure  6  is  a  micrograph  of  the  EDS  line  scans  for 
Nb  and  Ti  on  a  polished  sample  which  was  mtnded  for 
4  h  at  1080  °C.  The  white  line  across  the  sample  is  the 
location  across  the  sample  for  which  the  scan  was 
performed.  From  the  line  scan.  there  appears  to  be  an 
excess  concentration  of  Ti  at  the  grain  boundanes. 
These  repons  appear  to  be  zones  where  mtrogen  has 
reacted  with  the  matrix  matenal.  Thus  both  bulk  diffu¬ 
sion  of  nitrogen  and  diffusion  of  nitrogen  along  grain 
boundanes  play  an  important  role.  As  the  nundation 
temperature  is  u^ieased  10  1200’C  and  then  1 300 °C 
and  the  reaction  time  increased  from  4  to  24  h  the 
progression  of  the  reaction  front  can  be  followed  until 
complete  reaction  of  the  base  matenal  with  the 
nitrogen  has  occurred  throughout  the  specimen. 


SI-  Schmerhng  «  aL 


Fig.  4  :ai  TEM  image  showing  ZrN  volumes  in  an  Nb  solid  Fig,  5.  a <  TEM  image  of  the  inierface  between  ZrN  and  NT?  solid 

solution  matnx:  ibi  TEM  image  showing  ZrN  volumes  in  an  Nb  solution  matnx:  b:  diffraction  pattern  at  the  interface  «nh 

solid  solution  matrix  in  another  section  of  the  sample.  ;  1 10|Nb.zJSl001z,N. 
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Fie.  6,  EDS  line  scan  of  Nb-4'Tut.°oTi  minded  for  4  h  ai 
!  080  *C  showing  concemranon  of  Ti  at  cram  boundaries 


Figure  7  shows  a  sample  minded  for  4  h  at  ]200°C 
which  has  had  the  Nb-Ti  maim  etched  away  to  show 
"TiN  rods”.  EDS  shows  these  rods  to  be  rich  m  Ti.  The 
solid  solution  chemistry  is  approximately  Nbr.  ;Ti..v  N 
The  "rods"  were  confirmed  to  be  solid  solution  TiN 
from  the  TEM  diffraction  patterns.  Figure  8  shows  a 
TEM  image  of  a  sample  nitnded  for  4  h  at  1200°C. 
The  rod-like  strucmres  in  this  figure  correspond  in  size 
and  shape  to  those  in  Fig.  7.  The  orientation  relation¬ 
ships  between  the  Nb-Ti  matrix  and  the  TiN  were 
determined  to  be: 

,  1  00is>-Ti  ii  i  1  1  0*TiN 

:n3U.T, 

These  relationships  are  consistent  with  those  found 
for  TiN  in  Mo  by  Ryan  and  Martin  ( 1  j  but  not  with  that 
predicted  by  simple  matching  of  the  B1  NaCI)  TiN 
crystal  structure  with  the  b.c.c.  Nb-Ti  solid  solution 
crystal  structure  along  100  planes  of  both  where 
'  lOOl^j  j)[l  10]B)  and  [  1 10jbtc  0  [  1 00jB, .  This  orientation 
shows  a  mismatch  of  approximately  9%  along  a  [110] 
direction.  The  orientation  relationship  is  not  as  simple 
as  that  found  for  Nb-Zr  solid  solution-ZrN  system 
where  the  mismatch  along  the  1  1 0  h..  is  about  2°o.  It 
was  suspected  that  early  in  the  growth  the  habit  plane 
was  the  310Sb.T  ,  31)  T  N  by  analogy  with  the 
Mo-TiN  system. 

AES  was  performed  on  a  mechanically  polished 
sample  which  had  been  nitnded  for  24  h  at  1200°C. 
Again.  TiN  was  determined  to  be  present  using  AES  A 
very  thin  surface  oxide  was  also  observed.  Only  a  small 
amount  less  than  5  min  of  inert  ion  sputtering  was 
required  to  reduce  the  AES  oxide  signal  to  a  negligible 
amount.  SEM  tmages  of  samples  prepared  in  the  tube 
furnace,  both  unetched  and  etched,  show  the  reaction 


Fig  SEM  images  of  Nb-47wt.%Ti  nitnded  for  4  h  at  200 *C 
which  has  had  the  mama  etched  away  to  show  ‘TiN  rods", 


front  of  the  nitrogen,  grain  boundary  diffusion  of  the 
nitrogen,  and  the  rod-like  TiN  features. 

TEM  analysis  could  not  confirm  the  continued  pres¬ 
ence  of  an  orientation  relationship  after  extensive 
mtndmg  ;  24  h  at  1 200  °C  Regions  of  TiN  were  found 
surrounded  by  Nb-nch  solid  solution.  While  regions 
which  contained  some  elongated  rods  of  TiN  were 
found,  the  bulk  of  the  rods  spheroidt2ed  to  euuiaxed 
grains  of  TiN  solid  solution. 

4.  Discussion 

After  nucleation  and  growth  of  small  oriented 
nitride  particles,  nitrogen  is  continuously  supplied 
through  the  solid  solution-nitride  phases  produced  at 
the  free  surface  and  the  growth  continues  by  a  cellular 
growth  mechanism.  Figure  9  shows  a  schematic  dia- 
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Fig.  8  ai  TE.M  tmage  of  the  interface  between  TiN  rod  and  Nb 
solid  solution  matrix;  (bi  diffraction  pattern  at  the  interface  with 
ilOOk^T.IIllOU. 


NITRIDE  GROWTH  MECHANISM 


*^-Ti  or  Solid  Solution 


Growth 
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Fig  9  Schematic  diagram  of  growth  of  TiN  or  ZrN  in  N'r  soiid 
solunon  matrix. 
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gTam  for  the  cellular  nnnde  TiN  or  ZrN  growth 
process.  Nitrogen  diffuses  m  the  hulk  and  alone  grain 
houndanes.  The  Ti  or  Zr  reacts  with  the  nitroeen  to 
form  the  ntndes.  leasing  the  Nb  matrix  sxith  a  lesser 
content  of  solute.  Continued  nitriding  after  forming 
this  N1MC  consisting  of  a  ceramic  nttnde  phase  sur¬ 
rounded  by  an  Nb-Ti  or  Nb-Zr  solution  matnx  leads 
to  spherotdization  and  formation  of  a  solid  solution 
nitride.  Figure  10  shows  a  1 200  °C  isothermal  cut  from 
the  ternary  phase  diagram  constructed  from  data  from 
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this  study,  the  Nb-Ti.  Nb-N,  and  Ti-N  binaries,  as 
well  as  from  literature  data  ;7t.  The  phases  show  n  are 
consistent  with  those  present  in  the  internally  nitnded 
samples. 

Cellular  growth  in  the  Nb-Ti  system  is  indicated  by 
the  TiN  rods  which  are  formed  in  the  above  sample 
nitnded  for  4  h  at  1200*0  but  apparently  change 
morohology  with  connnued  nitnding  time  eg.  the 
24  h.  1200°C  sample).  The  conditions  controlling  the 
lattice  correspondence  between  the  phases  seem  to 
change  with  growth  of  the  nitride,  probably  owing  to 
the  formation  of  the  solid  solution  nitride.  The  lattice 
correspondence  seen  in  Mo-based  alloy  dispersoids  is 
still  seen  during  cellular  growth  in  Nb-Ti-N  and 
Nb-Zr-N  but  there  is  evidence  that  it  is  lost  with 
increasing  mtridation  in  the  Nb-Ti-N  system.  Even 
when  a  lattice  correspondence  exists  tn  these  samples, 
the  interface  is  no  longer  controlled  only  by  the  energy 
conditions  which  dictateo  the  low  energy  plane  when  it 
was  initially  nucleated.  The  curved  interfaces  observed 
in  all  samples  investigated  were  no  longer  simple  habit 
planes  at  the  observed  magnifications. 

5.  Summary 

Internal  nitndation  of  an  Nb-47wt.%Ti  and  an 
Nb-47wt.%Zr  alloy  was  performed  in  a  pure  nitrogen 
environment  at  1200’C.  The  lower  free  energy 
nitrides.  TiN  and  ZrN.  formed  in  preference  to  NbN  m 
the  respective  solid  solution  systems.  Initially,  an  orien¬ 
tation  relationship  between  the  Nb  solid  solution  and 
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the  nitrides  was  present  in  both  systems  However,  m 
the  Nb-Ti  system  the  relationship  was  lost  after 
increased  nitndation  times  uwinc  to  spheroiduation  of 
the  solid  solution  TiN  phase.  A  schematic  for  this 
growth  process  was  defined  An  isothermal  section  of 
Nb-Ti-N  ternary  at  1 2U0  'C  was  constructed  from  the 
results  of  these  expenments.  from  the  binarv  phase 
diagrams,  and  from  literature  data. 
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Mechanical  alloying  or  high-energy  ball  milling  is  a  solid-state  powder  processing 
method  first  developed  by  J.S.  Benjamin  in  the  late  1960’s  [1].  In  mechanical  alloying, 
metal  and/or  ceramic  powders  are  repeatedly  fractured  and  welded  resulting  in  individual 
alloyed  powder  particles.  Typically,  hard  ceramic  or  metal  balls  are  used  as  grinding 
media,  hence  the  term  ball  milling.  Commercially,  mechanical  alloying  has  been  used  for 
many  applications  including  the  manufacture  of  oxide  dispersion  strengthened  superalloys 
[2],  and  more  recently,  the  production  of  amorphous  powders  [3]. 

Generally,  it  is  accepted  that  ball  milling  produces  powder  particles  with  a 
characteristic  lamellar  structure  [4],  However,  this  study  of  Cu-TiN  showed  that  the 
lamellar  morphology  was  observed  only  in  attrition  milled  powders  and  not  in  vibratory 
milled  powders. 

In  the  attrition  milling  experiment,  a  Szegvan™  HD-01  attritor  utilizing  stainless 
steel  pans  was  used.  200  grams  of  3/16  inch  diameter  stainless  steel  balls  were  selected  as 
the  grinding  media  for  50  grams  of  Cu  powder  mixed  with  TiN  powder  to  produce  a  Cu-3 
wt%TiN  composition.  The  average  starting  Cu  powder  size  was  -15  fim  and  the  average 
starting  TiN  powder  size  was  ~3  pirn  as  depicted  in  Figure  1.  After  sealing  the  powders 
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and  grinding  media  in  the  tank,  the  system  was  purged  with  argon  for  2  hours  before 
commencing  the  experiment.  An  argon  flow  rate  of  0.8  L/min  was  maintained  throughout 
the  experiment.  The  actual  experiment  was  conducted  with  a  rotational  speed  of  600  rpm 
which  corresponds  to  a  calculated  ball  collision  speed  of  approximately  2.5  m/s.  It  should 
be  noted,  however,  that  according  to  Courtney  and  Maurice  [5]  the  average  collision  speed 
in  the  attrition  mill  may  not  exceed  0.5  m/s.  Flowing  tap  water  (~20°C)  was  used  as  a  tank 
coolant  throughout  the  8  hour  period  of  the  run.  At  the  end  of  the  run  the  milled  powder 
was  allowed  to  cool  under  the  same  argon  flow  for  2  hours.  The  powder  was  then 
removed  and  stored  in  a  vacuum  desiccator  for  future  analysis. 

A  Spex  8000  Mixer/Mill  with  hardened  steel  components  was  used  for  the 
vibratory  milling  experiments.  Three  1/2  inch  diameter  hardened  steel  balls  with  a 
combined  mass  of  25  grams  were  used  as  the  grinding  media  for  10  grams  of 
Cu-25  wt.%TiN  powder  mixture.  Similar  to  the  attrition  milling  experiment,  the  powders 
were  manually  mixed  prior  to  placement  within  the  grinding  vial.  The  same  starting 
powders  were  used  but  with  a  different  weight  ratio  than  during  attrition  milling.  The  vial 
was  then  capped  in  an  argon  atmosphere  and  was  not  opened  again  until  the  end  of  the  16 
hour  run.  Due  to  the  nature  of  the  vibratory  mill  apparatus  no  tank  coolant  was  used,  but 
internal  temperatures  were  expected  to  be  higher  due  to  collision  speeds  on  the  order  of 
17  m/s  [5].  At  the  end  of  the  experiment,  the  milled  powder  was  left  within  the  vial  for 
4  hours  (to  allow  sufficient  cooling)  prior  to  removal  and  storage  in  a  vacuum  desiccator. 

Before  examining  the  milled  powders,  it  was  expected  at  this  point  that  both 
powder  specimens  would  yield  intimately  mixed  powder  particles  with  a  lamellar 
morphology.  The  vibratory  milled  powders  were  expected  to  be  much  finer  due  to  the 
reported  efficacy  of  the  vibratory  milling  process.  Suryanarayana  and  Froes  [6)  have 
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claimed  that  16  hours  of  milling  in  the  vibratory  mill  is  equivalent  to  100  hours  in  the 
attrition  mill. 

The  milled  powders  were  characterized  in  loose  form  and  in  mounted  and  polished 
form  in  a  scanning  electron  microscope.  The  loose  specimens  were  prepared  by  placing  a 
small  amount  of  milled  powder  on  an  aluminum  stage  and  sputter  coating  the  sample  with 
gold- palladium.  Preparing  the  polished  specimen  involved  mounting  the  loose  powder  in 
bakelite,  manual  grinding  to  600  grit  SiC  paper,  rough  polishing  with  a  1  pm  diamond 
paste,  and  finally  fine  polishing  with  a  0.05  pm  AI2O3  slurry.  In  between  each  step  the 
specimen  was  cleaned  with  ethanol  in  an  ultrasonic  cleaner.  After  fine  polishing,  both 
samples  were  etched  for  copper  using  an  etchant  consisting  of  3  parts  glacial  CH3CO2H  to 
1  part  HNO3.  Finally,  the  specimen  was  also  sputter  coated  with  gold-palladium  for  the 
SEM  analysis. 

SEM  micrographs  of  the  8  hour  attrition  milled  Cu-3  wt.%TiN  powder  is  depicted 
in  Figure  2.  When  compared  to  the  starting  copper  powder,  it  was  obvious  that  the  milled 
powder  particles  were  actually  agglomerations  of  smaller  particles.  This  observation  was 
also  made  directly  from  the  “layered"  appearance  of  the  milled  powder  particles.  After 
polishing  and  etching  for  copper,  the  lamellar  structure  characteristic  of  mechanically 
alloyed  powders  became  more  evident  Closer  inspection  of  Figure  2(b)  reveals  that  the 
lamellae  within  the  agglomerates  consists  of  submicron  folds.  A  well  dispersed 
distribution  of  submicron  titanium  nitride  particles  between  the  copper  folds  can  also  be 
seen  in  this  micrograph.  Therefore,  ball  milling  appears  to  have  refined  the  titanium  nitride 
particles.  Submicron  copper  "folds”  had  also  been  concurrently  formed,  but  agglomeration 
of  these  "folds"  effectively  negated  copper  particle  refinement  as  it  is  the  size  of  the 
individual/agglomerated  powder  particles  that  is  important  during  subsequent 
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consolidation.  Hence,  attritor  milling  had  effectively  formed  large  dispersion  strengthened 
powder  particles. 

Figure  3  is  an  SEM  micrograph  of  the  loose  16  hour  vibratory  milled  Cu-25 
wt.%TiN  powder.  Agglomeration  can  be  observed  throughout  the  powder  specimen,  Hut 
these  agglomerates  comprised  submicron  copper  and  titanium  nitride  individual  particles. 
Upon  polishing  and  etching  the  powder  specimen,  no  lamellar  morphology  was  observed. 
Instead,  a  very  good  dispersion  of  fine  TiN  particles  within  a  "smooth"  copper  matrix  was 
observed  as  depicted  in  Figure  4.  The  powder  specimen  was  consolidated  via  compaction 
and  conventional  sintering  in  H2  (1000°C  for  4  hours),  then  sectioned  and  thinned  for 
transmission  electron  microscope  (TEM)  investigation.  Figure  5  is  a  TEM  micrograph 
showing  the  selected  area  diffraction  (SAD)  patterns  from  two  adjacent  regions.  The  ring 
pattern  indicated  that  polycrystalline  copper  was  present  at  this  scale,  which  was  extremely 
surprising  considering  that  the  specimen  had  been  heat  treated  at  a  temperature  conducive  to 
accelerated  grain  growth  of  copper.  A  possible  explanation  for  this  occurrence  is  that  the 
high  content  of  TiN  particles  during  milling  could  have  functioned  as  minute  grinding 
agents.  Hence,  the  already  effective  refinement  method  via  vibratory  milling  is  further 
amplified  by  the  presence  of  these  small,  hard  particles.  The  milling  process  also  disperses 
the  small  TiN  particles  (which  are  also  refined  to  submicron  dimensions)  that  inhibit  grain 

f 

growth  of  the  copper,  yielding  a  nanosize  polycrystalline  copper/titanium  nitride  composite. 

As  described,  a  lamellar  morphology  was  observed  in  the  attrition  milled  sample, 
but  none  was  observed  in  the  vibratory  milled  specimen.  This  is  possibly  an  effect  of  the 
higher  concentration  of  TiN  powder  in  the  latter  experiment  However,  ultrafine  grains  of 
copper  remained  after  this  powder  specimen  was  compacted  and  sintered  indicating  a 
homogeneous  distribution  of  TiN  in  Cu  as  opposed  to  a  layered  morphology.  This 


homogeneity  in  the  25  wt.%TiN  specimen  may  also  be  due  to  the  larger  volume  percentage 
of  brittle  phase  surrounding  the  small  copper  particles  which  prevented  large  scale 
agglomeration. 

In  summary,  two  separate  experiments  involving  attrition  and  vibratory  milling  of 
Cu-3  wt.%TiN  and  Cu-25  wL%TiN  respectively,  were  conducted.  The  results  showed 
that  a  layered  morphology  occurred  in  the  attrition  milled  specimen,  but  not  in  the  vibratory 
milled  sample.  Massive  agglomeration  was  observed  in  the  attrition  milled  powder 
resulting  in  particle  sizes  larger  than  the  starting  powder  sizes.  In  the  vibratory  milled  case, 
excellent  powder  particle  refinement  occurred  and  nanosize  copper  and  titanium  nitride 
particles  were  observed  under  the  TEM.  In  addition,  consolidation  of  the  vibratory  milled 
powder  did  not  cause  much  grain  growth  of  the  copper  particles.  The  final  result  has  been 
mostly  attributed  to  the  high  volume  fraction  of  TiN  particles  which  may  have  inhibited 
large  scale  grain  growth. 
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Figure  1  SEM  micrographs  of  the  (a)  starting  copper  powder  and  (b)  starting  titanium 
nitride  powder. 


Figure  2  SEM  micrograph  of  the  (a)  8  hour  attrition  milled  Cu-3  wt.%TiN  powder 
(b)  after  polishing  and  etching  for  copper. 


Figure  4  SEM  micrograph  of  the  16  hour  vibration  milled  Cu-25  wt.%TiN  powder  after 
polishing  and  etching  for  copper. 


c<*> 


Figure  5  (a)  TEM  micrograph  of  16  hour  vibration  milled  Cu-25  wt.%TiN  powder 
after  sintering  with  (b)  the  diffraction  pattern  from  A  -  TiNj  j0,  and 
(c)  the  diffraction  pattern  from  B  -  polycrystalline  copper. 


Appendix  C 


Copper  alloys  dispersion-strengthened  by  nitrides 

Copper  when  dispersion  strengthened  bv  oxides  <  AbCh.  TiCK  ZrO;  and  Ik  ui.  borides 
(TiBi)  and  carbides  (ZrC.  TaC  and  NbC)  otters  a  unique  combination  of  high  strength  and 
hardness  with  excellent  electrical  conductivity.  Such  alloys  are  used  for  lead  frames,  spot 
welding  electrodes,  etc.  The  effectiveness  oft  the  dispersed  panicles  in  the  matnx  strengthening 
and  strength  retention  depends  upon  the  panicle  size,  interpanicle  spacing  and  chemical  stability 
Transition  nitrides  such  as  TiN  and  ZrN  possess  high  electrical  conductivity,  high  hardness  and 
melting  point.  It  is  expected  that  a  copper  alloy  dispersion  hardened  by  TiN  and  ZrN  would  be 
extremely  useful.  However,  little  research  has  been  done  on  these  systems.  The  object  of  this 
investigation  was  to  make  TiN  dispersion  hardened  copper  alloys  which  possess  high  strength 
and  high  electrical  conductivity  at  high  temperatures. 


The  experimental  procedure  is  shown  in  the  following  block  diagram. 


Mechanical  alloying  was  performed  with  a  Spex  8000  mixer/mill  using  hardened  steel  vial  and 
grinding  balls  12.7  mm  in  diameter.  The  milling  process  was  interrupted  periodically  and  a 
small  amount  of  the  powder  was  taken  out  from  the  vial  in  a  glove  bag  filled  with  high  purity 
nitrogen.  After  nitridation,  the  powder  was  finally  mechanically  alloyed  for  10  hours.  All 
external  nitridation  was  carried  at  8(K)*C  for  24  hours.  The  ball  milled  powder  was  characterized 
by  X-ray  diffraction  (XRD)  using  Cu  Ka  radiation.  Scanning  electron  microscopy  (SEM)  was 
used  for  morphological  examination.  Auger  electron  spectra  (AES)  were  obtained  using  5  Kev 
electron  beam  while  the  sample  was  sputtered  with  Ar  ion  at  4*10‘'  torr.  Vickers  microhardness 
values  were  determined  for  the  consolidated  and  high  temperature  annealed  samples  using  a  load 


of  200g.  Carbon  extraction  replicas  were  employed  to  observe  the  'J  EM  images  of  the  dispersed 
nitride  particles.  Some  TEN1  samples  were  also  prepared  by  Ar  ion  beam  thinning. 

The  powder  mechanically  alloyed  for  57.6  ks  was  nitrided  at  1073  K  for  <S6.4  ks  and 
became  golden  colored.  A  TiN  layer  formed  on  surfaces  of  powders  as  confirmed  by  X-Ray 
diffraction  analysis  (Fig.  1)  and  SEM  microphotographs  (Fig.  2).  The  nitrided  powder  was  then 
spex-milled  for  36  ks.  It  is  interesting  to  note  that  almost  theoretical  density  was  obtained  during 
the  mechanical  alloying  process.  The  loose  powders  have  changed  into  small  agglomerates  of 
various  size,  some  as  big  as  6  mm  in  diameter.  Few  pores  were  observed  under  SEM 
examination  (Fig.  3). 

Fig  4  is  the  TEM  image  of  the  extracted  dispersed  TiN  particles  and  the  corresponding 
selected  area  diffraction  pattern.  It  is  clear  that  nanosized  TiN  particles  were  obtained  by  this 
external  nitridation  method  in  combination  with  mechanical  alloying.  Occasional  panicles  of  the 
nitride  phase  on  the  order  of  lfam  were  seen.  Selected  area  diffraction  ring  patterns  indicate  that 
these  larger  particles  consist  of  many  small  TiN  particles.  These  agglomerates  w  ere  annealed  at 
elevated  temperature  in  vacuum  and  showed  very  high  room  temperature  hardness  values  which 
were  independent  of  annealing  temperature  below  1 173  K  as  shown  in  Fig.  5. 

At  this  stage,  mechanical  alloying  in  combination  with  external  nitridation  seems  to  be  a 
very  promising  technique  for  the  preparation  of  copper  alloys  dispersion-hardened  with  nitrides. 
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Pressure*  of  2IOMPa  and  420MPa  were  applied  to  the  powders  and  energy  input*  were 
3700fcJAg  to  4000hJ/kg  At  the  lower  pressure,  densities  of  92%  to  93%  were  obtained.  The 
constituents  remained  in  the  solid  state  and  the  B4C  phase  was  retained.  At  the  higher  pressure, 
a  density  of  97%  was  obtained  apparently  through  liquid- phase assisted  consolidation  and  the 
B«C  was  fully  reacted.  Figure  6  compares  the  XRD  patterns  of  the  starting  powders  (a)  and  of 
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Appendix  E 

Development  of  a  Selective  Laser  Reaction  Sintering  Workstation 

B.R.  Birmingham,  J.V.  Tompkins,  G.  Zong,  and  H.L.  Marcus 


Center  for  Materials  Science  and  Engineering 
The  University  of  Texas  at  Austin 
Austin ,  Texas  78712 

Abstract 

The  purpose  of  this  paper  is  to  describe  the  design  and  operation 
of  a  Selective  Laser  Reaction  Sintering  workstation  developed  at  The 
University  of  Texas.  The  workstation  allows  the  study  of  solid  freeform 
fabrication  of  reaction  sintered  materials  on  a  research  scale.  The 
mechanical  and  control  systems  of  the  workstation  are  detailed,  and 
Selective  Laser  Reaction  Sintering  as  a  technique  is  discussed  including 
example  material  systems  that  are  currently  under  study. 


Introduction 

Solid  freeform  fabrication  (SFF)  is  any  manufacturing  process  that  produces  a 
three  dimensional  part  without  the  use  of  standard  or  part  specific  tooling.  One  form  of 
SFF,  Selective  Laser  Sintering  (SLS),  uses  a  laser  to  sinter  selected  areas  of  a  powder 
bed.  Additional  layers  of  powder  are  spread  on  top  of  the  first,  and  specific  areas  of 
each  layer  are  scanned  and  sintered  by  the  laser  before  the  next  layer  is  spread.  In  this 
way,  a  three  dimensional  sintered  part  is  built  up  layer  by  layer.  At  the  end  of  the 
process,  the  manufactured  shape  may  be  removed  from  the  surrounding  loose  powder. 
Parts  have  been  made  from  various  polymers,  metals  and  ceramics  using  this  technique 
(1,2).  Selective  Laser  Reaction  Sintering  (SLRS)  combines  SLS  with  a  simultaneous 
gas/powder  reaction  process  known  as  reaction  sintering  or  reaction  bonding(3].  This 
simultaneous  reaction  typically  involves  the  decomposition  of  a  gas  to  solid  or  a  gas 
interacting  with  a  liquid  or  solid  to  produce  another  solid.  The  SLRS  process  has  the 
potential  of  producing  parts  made  of  monolithic  materials  and  composites  that  are 
difficult  or  impossible  to  sinter  using  SLS  as  well  as  producing  microstructures  that  are 
unobtainable  using  standard  sintering  techniques. 

Equipment 

To  be  successful  a  SLRS  system  must  accomplish  three  basic  functions.  These 
functions  are  1)  supply  controlled  laser  power  to  a  selected  area,  2)  provide  multiple 
layers  of  a  powder  bed  having  proper  thickness  and  density  and  3)  provide  the 


appropriate  gas  environments  including  vacuum.  An  overall  schematic  of  the  SLRS 
system  is  seen  in  figure  1. 


Figure  1. 


With  the  exception  of  the  powder  delivery  mechanism,  the  basic  arrangement  of 
this  system  has  been  previously  described  in  the  literature  (3}.  The  laser  beam  from  a 
25  watt  CC>2  laser  is  directed  onto  a  substrate  that  is  located  in  an  environmentally 
controlled  chamber.  A  motor  driven  X-Y  table  moves  the  chamber/substrate  under  the 
stationary  beam  effectively  "scanning"  the  beam.  Both  laser  power  and  X-Y  table 
controls  have  been  upgraded  for  this  workstation.  Laser  power  fluctuations  have  been 
reduced  to  less  than  5%  of  setting  by  using  a  pulse  width  modulation  controller 
developed  at  the  University  [4].  Power  level  can  be  adjusted  manually  or  by  computer. 
Positional  accuracy  of  the  table/beam  is  now  better  than  20ptm  and  repeatability  better 
than  5/rm  at  scan  speeds  to  3mm/ sec  using  a  computer  controlled  dc  servo  system. 

Environmental  control  is  achieved  by  locating  the  powder  delivery 
mechanism/substrate  inside  a  vacuum  chamber.  The  chamber  has  three  independent 
gas  inputs  with  the  emphasis  on  flexibility  due  to  the  research  nature  of  the  system.  The 
gas  inputs  have  allowed  for  the  introduction  of  a  variety  of  gases  including  N2.  N2/H2, 
NH3,  Ar,  H2,  O2,  CH4,  and  C2H2.  The  chamber  is  currently  set  up  for  static  gas 
environments,  but  minor  modifications  could  easily  make  it  a  flowing  gas  system  if 
desirable.  Mechanical  pumping  initially  provides  10'^  Torr  vacuum  to  minimize  gas 
impurity  content.  Mechanical  and  resistance  vacuum  gauges  monitor  system  pressure. 
Power  and  thermocouple  feedthroughs  provide  the  ability  to  heat  substrates  and  monitor 
and  control  temperature  using  a  PC  based  data  acquisition  system.  A  gas  sampling  port 
has  also  been  included  to  enable  connection  to  a  gas  analyzer  system(RGA).  This  will 
be  used  to  gather  information  about  reactants  and  by-products  during  the  reaction 
sintering  process.  Mechanical  feedthroughs  currently  enable  manual  operation  of  the 
powder  delivery  mechanism.  The  mechanism  will  be  automated  in  the  future. 
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The  powder  delivery  system  is  similar  in  concept  to  one  previously  reported  [5], 
but  considerable  miniaturization  was  required  to  fit  the  enure  mechanism  inside  the 
available  five  inch  diameter  by  5  inch  in  height  vacuum  chamber  .  A  schematic  and 
photograph  can  be  seen  in  figures  2  and  3.  Two  rotation  feedthroughs  marked  Powder 
Feed  and  Powder  Accept  are  coupled  to  worm/gear/leadscrew  arrangements  that 
ultimately  drive  the  powder  feed  and  powder  accept  pistons  up  and  down  in  their 
respective  cylinders.  The  rotation  feedthrough  marked  Roller  Traverse  drives  a  spur 
gear/leadscrew  arrangement  that  causes  the  roller  to  traverse  across  the  top  of  the  stage. 
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Figure  2. 


Figure  3. 


During  a  standard  production  cycle  the  system  starts  with  the  traversing  roller  to 
the  far  left,  the  powder  feed  piston  would  be  down  and  its  cylinder  full  of  powder,  and 
the  powder  accept  piston  would  be  up.  Powder  is  made  available  to  the  roller  by  raising 
the  powder  feed  piston  an  incremental  amount.  The  roller  is  then  traversed  across  the 
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stage  and  then  back,  spreading  the  powder  into  a  thin  layer.  As  the  roller  traverses,  a 
rack  and  pinion  causes  the  roller  to  spin  so  that  the  roller  surface  in  contact  with  the 
powder  is  actually  moving  in  a  direction  opposite  to  traverse  direction.  This  is  done  for 
improved  powder  spreading.  After  the  new  powder  layer  is  spread,  a  laser  scan  is 
performed,  sintering  specific  areas  of  the  powder  layer  above  the  powder  accept  piston. 
When  the  scan  is  complete,  the  powder  accept  piston  is  lowered  some  specified  layer 
thickness.  The  powder  feed  piston  is  again  raised,  providing  another  incremental 
amount  of  powder.  The  roller  is  brought  across  the  stage,  spreading  a  fresh  layer  of 
powder  over  the  powder  accept  piston  and  the  previously  sintered  layer.  The  laser  is 
scanned  again  resulting  in  a  second  sintered  layer.  The  powder  accept  piston  is  lowered 
and  the  process  is  repeated  until  the  part  has  been  built  up  layer  by  layer.  Maximum 
part  size  from  this  mechanism  is  roughly  a  1.5cm  by  1.5cm  by  1.5cm  cube.  The 
gearing  of  the  mechanism  enables  layer  thickness  control  to  within  a  few  microns. 
Working  on  this  scale  is  advantageous  when  using  difficult  to  make,  hazardous  or 
expensive  materials  because  of  the  small  amounts  of  precursor  required  to  load  the 
system.  When  the  materials  systems  have  been  proven  on  this  scale  they  can  easily  be 
adapted  to  a  larger  system. 


Applications 

Laser  reaction  sintering  can  be  used  in  a  variety  of  ways  to  produce  a  vanery  of 
results.  The  following  discussion  is  by  no  means  all  inclusive,  but  is  meant  to  give 
examples  demonstrating  some  of  the  interesting  aspects  of  this  technique. 

Standard  pressureless  sintering  of  oxides,  nitrides,  and  carbides  is  difficult. 
However,  formation  of  an  oxide,  nitride  or  carbide  may  be  achievable  by  reaction 
sintering  in  the  corresponding  oxygen,  nitrogen,  or  carbon  rich  atmosphere.  One 
example  is  the  reported  success  of  sintering  an  aiuminum/alumina  mixture  in  the 
presence  of  oxygen  to  form  an  alumina  pre-form  [6}.  These  pre-forms  will  be 
infiltrated  to  create  a  metal-ceramic  or  ceramic -ceramic  composite  part. 

Composite  structures  can  be  produced  directly  by  partial  conversion  of  powder 
by  reaction.  A  multi-layer  Cu-TiN  part  was  produced  by  this  SLRS  system  using  a  Cu- 
lOTi  alloy  as  base  material.  Reaction  sintering  in  a  nitrogen  atmosphere  caused  the  Ti 
to  migrate  to  the  surface  of  the  alloy  particles  where  it  reacted  with  nitrogen  to  convert 
to  TiN.  The  result  was  a  copper  matrix  with  a  sub  micron  TLN  layer  on  each  of  the 
original  powder  particles.  TiN  presence  was  confirmed  by  x-ray  diffraction  and  the 
dispersion  of  Ti  rich  areas(TiN)  was  mapped  using  EDS.  Figure  4  shows  a  side  view  of 
a  6mm  by  6mm  by  3mm  thick  Cu-TiN  rectangular  solid  made  using  SLRS.  Note  that 
the  part  is  composed  of  15  layers.  The  deiamination  observed  can  be  eliminated  with 
proper  substrate  pre-heating.  The  microstructure  of  the  part  can  be  seen  in  Figure  5. 
which  contains  a  backscattering  electron  micrograph  and  a  Ti  element  map  of  the  same 
region.  The  element  map  clearly  shows  the  Ti  migration  to  the  surface  of  the  alloy 
particle  where  it  formed  a  nitride  coating  on  the  particle.  It  is  believed  that  proper 
control  of  powder  size  and  operating  parameters  can  result  in  very  fine  microstructures 
unobtainable  by  standard  sintering  techniques. 
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Figure  4. 
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Figure  7. 


Conclusions 

A  Selective  Laser  Reaction  Sintering  workstation  is  in  place  and  operational.  It 
is  capable  of  producing  multi-layer  solid  freeform  parts  in  an  environmentally 
controlled  chamber.  This  will  enable  the  study  of  laser  sintering  combined  with  gas 
phase/powder  reactions.  It  is  believed  that  this  combination  is  capable  of  producing 
materials  and  structures  unobtainable  by  standard  suitering  techniques.  Preliminary 
studies  are  positive. 
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Appendix  F 


Residual  stress  effect  on  impact  properties  of 
Gr/AI  metal  matrix  composite 


J  I  -  LIANG  DOONG 

Department  of  Mechanical  Engineering,  National  Central  University.  Chung-h  Taiwan  32C54 
SHYH-NUNG  S.  UN.  H  L.  MARCUS 

Center  for  Materials  Science  and  Engineering,  The  University  of  Texas  at  Austin 
Austin.  TX  78712,  USA 


The  effects  of  residual  stress  on  the  impact  properties  of  the  umdirectionally  reinforced  P  100 
Gr/6061  Al  metal  matrix  composites  with  different  thermal  histones  have  been  investigated 
using  an  instrumented  impact  test  method  and  scanning  electron  microscopy  The  cantilever 
impact  generally  causes  tensile  failure  at  the  notch  and  compressive  loading  on  the  opposite 
side  of  the  specimen.  The  specimens  with  yield  tensile  matrix  residual  stresses  have  planar 
fracture  surfaces  and  iow  impact  energy  due  to  the  contribution  of  tensile  residual  stress  The 
specimens  with  small  residual  stresses  have  moderate  impact  energy  because  debonding 
between  fibre  and  matrix  or  fibre/matrix  separation  also  serves  as  an  additional  mechanism  for 
energy  absorption  The  specimens  with  higher  compressive  matrix  residual  stresses  have  the 
largest  maximum  load  of  all  the  specimens  with  the  same  matrix  treatment  The  specimen  with 
matrix  compressive  yield  residual  stress  has  the  maximum  impact  energy  owing  to  a  stepwise 
fracture  surface.  It  can  be  concluded  that  good  impact  properties  of  composite  materials  can 
be  obtained  by  choosing  a  suitable  thermal  history  to  modify  the  deleterious  tensile  mat'ix 
residual  stress. 


1.  Introduction 

Metal  matrix  composites  (MMC)  provide  a  relatively 
new  way  of  strengthening  metals  and  they  are  recog¬ 
nized  to  have  the  potential  for  high-temperature  ap¬ 
plication  while  maintaining  usable  levels  of  fracture 
strength.  However,  a  residual  thermal  stress  can  build 
up  because  of  a  difference  in  thermal  expansion  co¬ 
efficients  of  the  fibre  and  the  matnx  when  cooling  from 
:iigh  processing  temperatures.  Owing  to  the  large 
thermal  mismatch  tn  the  fibre  longitudinal  direction, 
the  thermal  stress  can  be  large  enough  to  cause  yield¬ 
ing  in  the  matrix.  For  example,  the  combination  of 
graphite  fibres  with  slightly  negative  coefficient  of 
thermal  expansion  (CTE)  and  aluminium  matrix  with 
high  positive  CTE  leads  to  a  plastic  flow  in  the  matrix 
and  large  internal  stresses  in  the  constituents  even  for 
a  relatively  small  temperature  change  [  I  ].  The  estima¬ 
tion  of  residual  stress  is  required  to  evaluate  the 
performance  of  MMC.  There  have  been  a  few  studies 
[2  5]  to  estimate  the  thermal  residual  stresses.  Some 
research  has  focused  on  experimental  measurements 
of  residual  stresses  [6-8]  It  is  well  recognized  that  the 
state  of  stress  affects  the  performance  of  these  com¬ 
posites.  The  effect  of  the  thermallv  induced  residual 
stresses  on  the  yield  behaviour  has  been  discussed  by 
Wakashtma  el  at.  [9]  However,  there  has  been  very 
little  work  reported  on  the  effects  of  residual  stresses 
on  dynamic  responses  of  MMC  materials. 


Understanding  the  impact  response  of  composites 
has  become  an  area  of  great  academic  and  practical 
interest  [10-14],  It  is  well  known  that  the  mechanical 
properties  and  the  fracture  mechanisms  of  composites 
with  residual  stresses  are  different  from  those  of  mater¬ 
ials  without  residual  stresses,  because  of  the  super¬ 
imposition  effect  of  the  residual  stresses  with  the 
applied  stresses.  In  addition,  fibre  composites  are 
highly  susceptible  tc  internal  damage  caused  by  im¬ 
pact  loading.  It  is  therefore  necessary  that  this  effect 
should  be  studied  in  more  detail. 

The  impact  response  of  composites  reflects  a  failure 
process  involving  crack  initiation  and  crack  growth  in 
the  elastic  pla'tic  matrix,  fibre  breakage  and  pull-out. 
delamination.  and  debonding.  The  instrumented  im¬ 
pact  test  is  potentially  a  more  useful  tool  for  evalu¬ 
ating  the  dynamic  response  of  materials  mainly  be¬ 
cause  the  tradition?!  Charpy  and  Izod  impact  tests 
could  not  provide  such  information  The  force - 
displacement  curves  of  the  test  specimen  during  im¬ 
pact  can  be  recorded  by  a  computer-controlled  data 
acquisition  system  and  then  analysed  The  shape  ol 
the  curve  provides  information  on  the  initiation,  yield¬ 
ing.  and  propagation  energy  during  impact 

The  purpose  of  the  present  study  is  to  investigate 
the  effects  of  thermal  residual  stresses  on  the  impact 
properties  of  MMC  PldOGr  606!  Ai  usmo.  an  instru¬ 
mented  impact  tester  The  test  specimens  with  various 
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residual  stresses  can  be  obtained  vu  heat  treatments 
of  the  aluminium  matrix  composite  Scanning  electron 
microscopy  is  applied  to  study  the  microstructural 
failure  mechanisms. 

2.  Experimental  procedure 

4  umdirectionaily  reinforced  double-ply  pitch  P  1(H) 
Gr  6061  Al  MNIC  plate  lor  this  study  has  a  total 
thickness  of  0  81  mm.  with  6061  Al  face  sheets  of 
thickness  0  I  mm  on  both  sides.  Fibre  volume  fraction 
o!  the  composite.  1  ,.  isabout  40°o  A  detailed  descrip¬ 
tion  of  residual  stress  estimation  by  X-ray  diffraction 
was  presented  elsewhere  [  I  5.  16]  The  specimen  num¬ 
ber.  thermal  histories,  and  residual  stresses  are  shown 
in  Table  i 

The  drop-weight  impact  tests  were  conducted  on  a 
Dvnatup  Model  8200  with  GRC  ~ 30-1  automated 
data  acquisition  and  analysis  system.  The  striking  tup 
and  the  ansil  of  the  (ester  were  designed  according  to 
the  ASTM  standard  for  Charpy  test  The  specimen 
dimensions  were  80  mm  long  by  10  mm  wide  and  a 
2  mm  depth  notch  was  machined  at  the  centre  of  the 
length.  The  hammer  and  tup  weighed  9.55  kgf.  The 
impact  velocity  was  set  at  1.83  ms'1  The  critical 
parameters  which  were  used  to  compare  the  impact 
response  of  each  material  include:  ta)  maximum  load. 
Pm:  (bl  energy  absorbed  to  maximum  load  (end  of 
damage  initiation  phase).  E„:  (cl  total  absorbed 
energy  for  through-penetration.  £,.  undid)  the  energy 
absorbed  in  the  propagation  phase.  £„  =  £,  -  £m  and 
the  ductility  index.  DI.  equal  to  £„  £m.  The  measure¬ 
ment  data  arc  summarized  in  Table  II  and  typical 
impact  response  of  force-time  diagrams  are  shown  in 
Fig.  I. 

A  Jeol  35  SEM  using  a  25  keV  primary  beam  was 
used  for  the  microstructural  studies.  The  specific  fea¬ 
tures  in  the  micrographs  of  each  tested  specimen  w  ill 
be  discussed  in  the  next  section. 


3.  Results  and  discussion 

3.1.  Residual  stress  effect 

The  previous  microstructural  studies  [15.  16]  revealed 

that  maximum  residual  stresses  of  the  composite  were 

determined  by  the  yield  strength  of  the  aluminium 

matrix  which  was  different  from  the  monolithic  alloy 


The  maximum  residual  stresses  measured  .it  atu 
quenching  temperature  are  approximated  (‘Hi  and 
140  MPa  lor  AI-T4  ar.d  Ai-f6  treatments,  respect¬ 
ively  The  residual  stresses  measured  in  ihe  aluminium 
alloy  matrix  were  h'und  to  "c  m  good  agreement 
■vith  the  calculated  results  <*l  Rice  ,n  {!*)  using 
finite  element  methods  The  stress  of  the  fibre  o 
opposite  to  that  of  the  matrix  [  I  v  |v]  for  the  case 
of  uniaxial,  uniform  displacement,  thermal  stress 
changes  in  both  phases  The  approximate  relationship 
between  the  matrix  stress  change.  Art..,,  and  fibre 
stress  change.  Ao, .  un  be  expressed  as 

\a,  I  ,  -  Ao^t  |-l,t  ill 

For  these  composites  with  I  .  =  04.  the  residual  stress 
of  the  fibres  is  opposite  to  that  measured  in  the  matrix 
with  a  magnitude  of  15  times  as  large  It  means  that 
interlactal  shear  stress  between  tibre  and  matrix  in¬ 
creases  with  the  matrix  residual  stresses  For  example, 
the  residual  stresses  of  specimen  with  T6-I  treatment 
are  140  and  -  210  MPa  for  matrix  and  tibre.  respect¬ 
ively  The  stress  difference  is  350  MPa  For  a  specimen 
with  T6-3  treatment,  the  stress  difference  is  onlx 
15  MPa  In  addition,  interface  debonding  will  t'ccur  tf 
the  interfacial  bonding  is  not  strong  enough  to  with¬ 
stand  the  shear  stress  resulting  in  the  pull-out  phe¬ 
nomenon.  All  these  cause  the  failure  of  the  composite 
materials  Therefore,  the  residual  stress  of  composites 
should  be  reduced  to  as  low  as  possible.  Owing  to  the 
superimposed  effect  of  residual  stresses  on  the  applied 
load,  the  compressive  residual  stress  has  a  retarding 
effect  on  fatigue  crack  growth  [20.  2T]. 

The  cantilever  impact  on  the  specimens  causes  ten¬ 
sile  failure  at  the  notch  and  compressive  loading  at  the 
surface  opposite  to  the  notch.  The  crack  initiation  and 
propagation  occurs  at  the  notch.  Thus  when  com¬ 
pressive  residual  stresses  are  present  in  the  matrix,  the 
applied  stress  must  overcome  them  first  so  that  the 
fracture  can  take  place  In  contrast,  tensile  residual 
stresses  in  the  matrix  accelerate  the  fracture 


3  2.  Impact  response 

Golovoy  et  ai  [22]  investigated  the  impact  response 
of  laminate  composites  and  indicated  that  tensile  fail¬ 
ure  is  the  major  mechanism  in  the  initiation  stage 
Fracture  propagation  involves  both  tensile  and  shear 


TABLE  1 

Residual  stresses  of  graphite  fibres  in 

PI00  606I  Al  matrix  *nh 

various  thermal  histories 

Specimen 

number 

Solution  treatment 

Ageing  treatment 

Quenching* 

Residual 
>trevs  i M Pai 

1  Cl  (hi 

l  Cl  ihi 
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(o|  Tirnt  (ms) 


(b)  Tin*  (ms) 

Figure  I  The  force-timc-impact  response  diagrams  of  specimens  lai  T4-1.  ibl  T4-4 


TABLE  II  The  effect  of  residual  stress  on  the  composite  impact  properties 


Specimen 

number 

Maximum 
load  IN) 

lm 

(ms) 

Em 

fJl 

e, 

iji 

E, 

iJl 

D1 

T4-1 

180  58 

0350 

00758 

02144 

02902 

2  8298 

T4-2 

19560 

0  350 

00691 

0  5798 

0  6489 

8  3957 

T4-3 

199  34 

0.350 

00817 

0  3697 

04514 

4  5238 

T4-4 

199  52 

0400 

0  1045 

0  5500 

0  6545 

5  2610 

T6-I 

18963 

0  350 

00733 

0  2567 

0  3300 

3  5001 

T6-2 

192.6! 

0325 

00 

0  4839 

0  5603 

6  3308 

T6-3 

193  10 

0450 

0  0973 

04599 

0.5572 

4.7266 

T6-4 

21247 

0  350 

00853 

0  2981 

0  3834 

3  4947 

failure,  which  is  simply  by  successive  delamination 
along  planes  parallel  to  the  midplane.  This  statement 
can  be  used  to  explain  partially  the  impact  response  of 
some  specimens  with  large  propagation  energy,  £p 
From  Table  II.  the  residual  stress  free  specimens  T4-2 
and  T6-3  show  significantly  higher  absorption  energy 
than  the  specimens  T4-I  and  T6-1  with  yield  tensile 
residual  stresses  in  the  matrix.  The  lower  impact 
energy  mode  is  caused  by  the  larger  tensile  matrix 


residual  stresses.  This  can  be  demonstrated  by  obser¬ 
ving  the  side  fracture  surface  of  the  specimens  isee 
Fig.  2).  The  differences  in  the  macrographs  of  the 
fracture  surfaces  in  Fig.  2  clearly  show  the  influence  of 
residual  stress  on  the  impact  response  of  the  present 
composite  materials.  With  large  matrix  tensile  stress, 
the  fracture  is  planar  but  with  near  free  or  large 
compressive  matrix  stresses,  more  shear  fracture  is 
observed. 


1371 


F mire  2  Side  fracture  surfaces  with  T4  and  Tfi  treat  mem  ■»  •» 

w 

l/» 

ll  has  been  argued  by  Jang  er  u/.  [23],  that  the 
matrix  should  be  the  dominant  factor  with  only  a 
small  amount  of  fibre  breakage  prior  to  maximum 
loading.  Near  the  maximum  loading  and  soon  after 
that,  fibre  breakage  dominates.  This  suggests  that 
extensive  fibre  breakage  occurs  at  the  end  of  the 
initiation  phase  of  the  impact  loading  The  con¬ 
siderable  tensile  residual  stress  in  the  matrix  can 
promote  the  initiation  stage  of  fracture  at  the  crack  tip 
to  reduce  the  maximum  impact  loading  of  composite 
materials.  Fig.  3  indicates  the  effect  of  matrix  residual 
stress  on  carrying  load.  As  the  strain  increases,  the 
crack  tip.  the  tensile  yielded  matrix  no  longer  will 
carry  additional  load,  resulting  in  excess  stress  in  the 
fibre.  This  leads  to  fibre  breakage  in  a  colmear  manner 
with  the  crack  resulting  in  the  planar  fracture  surface 
shown  in  Fig.  4.  When  the  matrix  has  a  compressive 
yield  residual  stress,  it  can  carry  a  significant  fraction 
of  the  load  at  the  crack  tip  and  the  fibres  which  are  in  a 
tensile  residual  stress  condition  will  fracture  non- 
colinearly  with  cracking.  The  net  result  is  a  great  deal 
of  shear  deformation  and  fibre  pull-out  along  the 
continuous  fracture  path  (Fig,  5).  For  intermediate 
residual  stress  level,  a  mixture  of  the  two  failure 
mechanisms  was  observed.  All  the  above  would  be 
equally  true  for  T4  and  T6  treatments. 

3.3.  Microstructural  failure  analysis 
In  general,  the  possible  operating  microfailure  mcch- 
jmsms  during  impact  loading  include  matrix  crack¬ 
ing,  fibre-matrix  debondme.  fibre  breakage,  and  fibre 
pull-out.  The  work  of  fracture  includes  til  a  small 
contribution  from  the  fracture  energy  of  fibre  and 
matrix,  tin  the  debonding  energy  and  lint  the  pull-out 
energy.  From  the  studies  by  Kelly  [24]  and  Outwaier 
etc.  [25],  it  is  shown  that  the  work  done  on  separating 
fibres  and  matrix  can  make  a  major  contribution  to 
the  total  energy  of  fracture  The  mechanism  of  pull¬ 
out  is  a  more  significant  one  than  the  debonding 
mechanism  as  an  energy  absorber  However,  debond- 
mg  must  occur  before  pull-out.  but  can  be  a  result  of 
noncoiinear  fibre  breakage.  These  observations  are  in 
agreement  with  the  impact  test  of  the  matrix  tensile 
residual  stress  specimens  which  have  the  lowest  max¬ 


Figure  i  Malrix  residual  siress  effect  on  i he  mamx  stress-strain 
curve  lai  compressive  residual  dress,  ibl  !ret  residual  siress.  ici 
tensile  residual  siress 


Figure  J  Fraclure  surface  of  specimen  Th-I 

imum  loading  and  initiation  energy  The  micrographs 
of  T6-I  and  T4-I  specimens  have  similar  frjeture 
pattern  as  shown  in  Fig  4.  on  the  microstructural 
level.  The  fracture  surface  is  planar  Owing  to  the 
matrix  vicld  tensile  residual  siress  effect  as  discussed 
previously,  the  fibres  break  before  extensive  separa¬ 
tion  of  the  fibres  from  the  matrix  leading  to  a  srruller 
amouni  of  pull-out  and  thus  less  absorbed  energy 
[24.  25] 
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figure  Fracture  surface  of  specimen  T4-4 


Future  f>  Fraciure  surface  of  specimen  T6-4 


Figure  7  Fraciure  surface  of  specimen  T4-2. 

On  the  contrary,  the  specimen  T4-4  with  large 
compressive  matrix  residuai  stress  has  a  stepwise  frac¬ 
ture  surface  shown  in  Fig.  5.  As  described  earlier.  Ihe 
matrix  can  carry  some  of  the  applied  load  Meanwhile 
the  fibre  tensile  stress  will  increase  until  the  matrix 
reaches  the  yield  stress  slate.  Just  as  shown  in  Fig.  3. 
the  fracture  strain  of  T4-4  is  larger  than  that  with  yield 
tensile  residual  stress  in  the  matrix  From  the  view¬ 
point  of  statistics,  the  possibility  of  fibre  breakage  at 
various  positions  will  increase  and  produce  noncolin- 
ear  fibre  breakage  in  the  fracture  surface  This  results 
in  a  great  deal  of  shear  deformation  and  fibre  pull-out 
The  force  lime  impact  response  diagram  of  specimen 
T4-4.  shown  in  Fig.  lb.  also  indicates  the  stepwise 
fracture  mechanism 


rhe  micrographs  of  specimens  14-  -  If'-:  jiui  J  '--4 
with  mtermediaie  residuai  stresses  show  mixture  ot 
the  two  failure  mechanisms,  a  pLn.tr  Iracture  •vuriucc 
and  a  stepwise  fracture  surface  There  are  some  long 
pull-out  fibres  on  less  planar  fracture  surfaces  whn.fi 
can  be  observed  in  Fig.  b  This  indicates  that  debon- 
ding  and  pull-out  mechanisms  pLv  some  roles  in  ihe 
fracture  processes  and  probably  resuit  in  an  increase 
ol  impact  energy  Tor  ihe  nejriv  iree  residual  stress 
specimens  T6-3  and  T4-2iFig  "i.  dimple-like  fracture 
surlaces  with  relatively  short  fibres  exirudmg  are  ob¬ 
served.  The  appearance  seems  to  lie  between  the  two 
extremes  ot  planar  and  shear  deformed  fracture 
surfaces. 

4.  Conclusions 

Several  important  conclusions  can  be  drawn  First,  the 
specimen  with  yield  tensile  matrix  residual  stress  has  a 
planar  fracture  surface  and  low  impact  energy  due  to 
the  yield  tensile  residual  stress  Secondly,  ihe  speci¬ 
mens  with  higher  compressive  matrix  residual  stress 
have  largest  maximum  load  of  all  the  same  matrix 
treatment  specimens  The  specimen  T4-4  with  matrix 
compressive  yield  residual  stress  has  the  maximum 
impact  energy  owing  to  a  stepwise  fraciure  mech¬ 
anism.  Thirdly,  specimens  with  relatively  small  re¬ 
sidual  stress  have  moderate  impact  energy  because  of 
a  mixture  of  failure  mechanisms  of  planar  and  step¬ 
wise  fracture  surfaces.  Finally,  it  can  be  concluded  that 
good  impact  properties  of  composite  materials  can  be 
obtained  by  selecting  an  appropriate  thermal  treat¬ 
ment  so  that  the  deleterious  tensile  residual  thermal 
stress  can  be  reduced  or  even  eliminated. 
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